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Operando TEM Study of Partial Oxidation of Methane Over

Pd Nanoparticles

Yingying Jiang, Parinya (Lewis) Tangpakonsab, Alexander Genest, Giinther Rupprechter,

and Utkur Mirsaidov*

Methane (CH,), which constitutes over 95% of low-cost and abundantly
available natural gas reserves, represents a key feedstock for producing
syngas and other value-added chemicals. Developing catalysts capable of
efficiently converting CH, into these chemicals is, therefore, crucial for
reducing the dependence on limited crude oil resources. Despite the
importance of these conversion reactions, the underlying details of catalyst
activity remain elusive. Here, using operando gas-cell transmission electron
microscopy, the nanoscale mechanisms of the catalytic partial oxidation of
CH, over Pd nanoparticles (NPs) are explored. The observations show that
the onset of the catalytic reaction directly coincides with the transformation of
these NPs into robust fragmented Pd—-PdO NPs. Density functional theory
calculations reveal that the Pd—PdO interface plays a pivotal role in optimizing
the reaction pathway: metallic Pd facilitates CH, dehydrogenation, while PdO
promotes C oxidation. These insights into the active structures of catalysts

syngas is produced through steam re-
forming (SRM), dry reforming (DRM),
and partial oxidation (POM) reactions of
methane.’) Among these, POM offers a sig-
nificant advantage over the current indus-
trial SRM process because it requires the
least energy input.'*l However, the prac-
tical application of POM is hindered by
persistent challenges in catalyst selectivity
and stability, specifically its tendency for
overoxidation of CO to CO, and coke ac-
cumulation on the surface of the catalyst,
respectively.[*¢!

Group VIII transition metals, such as Rh,
Pd, Pt, and Ni, are good catalyst materi-
als for the POM reaction, with Pd-based
systems gaining particular attention due

under working conditions provide a foundation for the rational design of

high-performance catalysts.

1. Introduction

Methane (CH,), the primary component of earth-abundant nat-
ural gas, is a crucial energy source and a promising feedstock
for chemical synthesis."?] Its conversion into syngas—a mix-
ture of H, and CO—is a key step in the production of valu-
able liquid fuels via the Fischer-Tropsch process.[!l Currently,

to their high intrinsic activity.>*’] Both
metallic Pd®# and mixed-phase Pd-PdO
structures!”®l have been proposed as ac-
tive phases for this reaction. Under real-
istic flow reactor conditions, however, the
composition of Pd species varies along the catalyst bed, with
metallic Pd, PdO, and PdC, often coexisting.[”!% This spa-
tial heterogeneity complicates the identification of the true ac-
tive sites and the elucidation of the underlying reaction mech-
anisms. Beyond POM, Pd-PdO catalysts are also among the
most effective systems for the complete oxidation of CH, to
CO,, which is a key reaction for emission control in internal
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combustion engines.''"1*] Although atomic-scale understand-
ing remains limited, several studies have suggested that an in-
terface between Pd and PdO plays an important role in CH,
oxidation.['V1*15] Consequently, achieving high CO selectivity in
POM over Pd catalysts remains an unsolved challenge, highlight-
ing the need to understand the interplay between catalyst struc-
ture and function.

Addressing this knowledge gap requires real-time corre-
lation between the structure and activity of catalysts under
working conditions. This is particularly important because
the oxidation states(!*8] and morphologies!**?°! of the cata-
lysts can change rapidly in response to the reaction environ-
ment. However, the atomic-scale details of these transforma-
tions are largely unknown.[?!] Recent studies using in situ spec-
troscopic techniques such as ambient-pressure X-ray photoelec-
tron spectroscopy,['®l X-ray diffraction,®! and X-ray absorption
spectroscopy, ¥l have provided valuable insights into catalyst be-
havior, but their spatial averaging limits the ability to resolve
structural changes at the level of individual nanoparticle (NP) cat-
alysts.

To reveal the structural basis of CH, oxidation and product for-
mation, we tracked the changes in Pd NPs during the POM re-
action at atmospheric pressure using operando gas-cell transmis-
sion electron microscopy (TEM).22-%1 The approach enables real-
time imaging of nanocatalysts during the reaction while monitor-
ing changes in the composition of reactants and reaction prod-
ucts with inline mass spectrometry.!?2-%]

2. Results and discussion

Figure 1 shows the morphological evolution of Pd NPs under a
reactive gas mixture of CH, and O, at an atmospheric pressure
(760 Torr). At pey, /po, = 2 (760 Torr of 17% CH,, 10% O,, and
73% Ar), the as-synthesized metallic NPs were fully oxidized into
PdO at 500 °C (Figure 1A: t = 200-2600 s). These PdO NPs did
not catalyze the POM reaction, as evidenced by the lack of prod-
uct formation (Figure 1C: t = 1300-2800 s). However, upon in-
creasing the temperature to 600 °C, the PdO NPs decomposed
into smaller NPs and started to catalyze the production of CO,
and H, (Figure 1A: t = 4200 s and Figure 1C: t = 2800-4400 s).
Electron diffraction patterns reveal that the smaller active NPs
comprise the Pd and PdO phases (i.e., Pd-PdO NPs).

Next, to explore the effect of gas composition, in a similar
fashion, we tested the Pd NPs under an O,-poor condition with
Pen,/Po, = 7 (760 Torr of 22% CH,, 3% O,, and 75% Ar). At
500 °C, the Pd NPs transformed into the active Pd-PdO phase,
producing H, and a mixture of CO, and CO, with CO, and
CO accounting for 80% and 20% of this mixture, respectively
(Figure 1B: t = 2100 s, Figure 1D: t = 1100-2300 s, and Figure
S2B, Supporting Information). Furthermore, the shapes and po-
sitions of these NPs underwent significant changes at 500-550 °C
(Figure 1B: t = 2100-3500 s).

The NPs exhibited different oxidation states in the two distinct
atmospheres at 500 °C (i.e., PdO at pcy, /po, ~ 2 vs Pd—PdO at
Pcn,/Po, = 7) (Figure 1A,B). This indicates that the mixed-phase
Pd-PdO is more active than the pure PdO phase (Figure 1C:
t =1300-2800 s vs Figure 1D: t = 1100-2300 s). In fact, running
the reaction with Pd~PdO NPs under pcyy, /po, = 2 atmosphere
at 500 °C, catalyzes the CH, oxidation reaction, further validating
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the high catalytic activity of the mixed phase (Figure S3, Support-
ing Information).

In our operando tests, the primary products of the CH, oxida-
tion reaction were CO, and H, (Figure 1C,D). This is different
from the typical products obtained in conventional flow reactor
studies, where the products are CO and H, at p¢y;, /po, > 2:1"%%]

CH, + %02 — CO +2H, AH® (298 K) = —36 kJ mol ™! (1)

This difference likely arises from the presence of residual
O, in the reactive gas atmosphere inside the gas cell. In con-
ventional flow reactors, reactant gases pass slowly through a
catalyst-filled tube, with residence times ranging from tens to
hundreds of milliseconds,*!! allowing for nearly complete O,
consumption.[®3% In contrast, during operando TEM studies, the
residence times within the small reaction zone of the gas cell are
significantly shorter (i.e., <1 ms),”)] leading to incomplete con-
version of reactants and residual CH, and O, (Figure 1C,D). As
a result of this residual O,, Pd NPs further oxidize the CO prod-
uct into CO, (CO + %Oz — C0,).13234] Although the H,O pro-
duction was not detected in our study, the possibility of H, oxi-
dation (H, + %02 — H,0) and CH, combustion (CH, + 20, —
CO, + 2H,0) cannot be excluded,**3¢! as minute amounts of wa-
ter products may have easily condensed on the walls of the out-
let tube. Our observation, showing a strong CO, signal, is con-
sistent with findings from conventional reactor studies, which
report CO, as the dominant product at low conversion rates of
CH, and O,, and CO as the major product at higher conversion
rates.[1030]

To better understand how the active Pd-PdO phase emerges,
we tracked the evolution of Pd NPs during the reaction with TEM
(Figure 2). Figure 2A shows how the original Pd NPs changed
when they were heated to 500 °C in the reactive environment at
Pcn,/Po, = 7. First, the Pd NPs increase in size due to oxidation,
and then parts of these NPs fragment, producing smaller NPs
around the original ones (Figure 2A: t — t, = 0-46 s). A closer
inspection of the process revealed that these smaller NPs are pure
Pd NPs, with the fragmentation occurring during the reduction
of the oxidized NPs (Figure 2B). The simultaneous oxidation and
reduction of the catalysts are due to the presence of both oxidizing
(i-e., 0,*)) and reducing (i.e., CH,,[*#3% H,,[*33% and COP*"))
gases in the reactive atmosphere.

As the conversion reaction progresses, the small frag-
mented NPs display very dynamic behavior (Figure 2C; Video
S2, Supporting Information), such as continuous coalescence
(Figure 2D: i) t — t, = 0-10 s and ii) t — t, = 0-27 s) and splitting
(Figure 2D: i) t — t, = 10-51 s and i) t — t, = 27-35 s). Moreover,
the high-resolution TEM images of the active NPs taken in the
midst of the reaction reveal that these dynamic NPs comprise Pd
and PdO domains separated by a distinct interface (Figure 2E).
Based on our observations, the dynamic changes (i.e., coales-
cence and splitting) of the NPs help them maintain their active
Pd-PdO phase and small size (with a high surface-to-volume ra-
tio) needed to prevent loss of activity associated with coalescence
(i-e., decrease of surface-to-volume ratio) (Video S2, Supporting
Information).

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 1. Transformations in Pd NPs during the POM reaction. Scanning TEM (STEM) images and electron diffraction profiles (Figure S4, Supporting
Information) of Pd NPs during the POM reaction at A) pcyy, /po, ~ 2 (760 Torr of 17% CHy, 10% O,, and 73% Ar) and B) pcy, /po, ~ 7 (760 Torr of
22% CHy, 3% O,, and 75% Ar). Corresponding changes in the reactant (CH, and O,) and product (H,, CO, and CO,) gas compositions during the
POM reaction at C) pcy, /Po, * 2 and D) pcyy, /po, ~ 7. The high background signals of H,, H,0, and CO were from ionization reactions of CH, and
O, in the mass spectrometer (see Sl Section 1 for more details). The dashed vertical lines in the diffraction profiles correspond to the diffraction peaks
of Pd (blue) and PdO (red). The black arrows in (C, D) correspond to the time points of the STEM image series and electron diffraction profiles shown
in (A, B).
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Figure 2. Fragmentation and restructuring of Pd NPs during the POM reaction. A) In situ TEM image series showing the fragmentation of Pd NPs
at pcy, /Po, 7 (760 Torr of 229 CHy, 3% O,, and 75% Ar) and at 500 °C (Video ST, Supporting Information). The white circles indicate small NPs
that formed through the fragmentation of the original NPs. t, is the time point at which the NPs were heated to 500 °C. B) The enlarged view of the
region (orange box) in (A) and its FFT pattern showing that the NPs were oxidized to PdO, and the newly formed small NPs were metallic Pd. C) In situ
TEM image series of the NPs at pcyy, /po, ~ 7 and at 500 °C (Video S2, Supporting Information). ¢, is the time point at which we started recording the
process. D) The two enlarged views of the regions i and ii in (C) show the coalescence and splitting of the NPs. E) TEM images and FFT patterns of
two NPs at pcy, /po, ~ 7 and at 500 °C. The dashed white curves indicate the Pd—PdO interfaces in the NPs. The inverse FFT patterns, highlighting Pd

(blue) and PdO (red) regions, are overlaid on the TEM images in (B, E).

While our operando TEM results establish the Pd-PdO NPs
as the active nanostructures and that PdO phase alone doesn’t
catalyze the POM reaction (Figures 1 and 2), it doesn’t rule out
the possibility that pure Pd may also be an active catalyst. To
test whether the pure Pd phase can catalyze the reaction, we
monitored how Pd NPs evolve under highly reducing condi-
tions, pcy, /po, & 60 (760 Torr of 60% CH,, 1% O,, and 39% Ar),
where the oxidation of Pd NPs is expected to proceed slowly, giv-
ing us ample time to monitor the changes carefully.[”*?] Here,
most NPs were covered by a layer of amorphous material that
likely formed from the decomposition of CH, into carbonaceous
products on the Pd surface. Initially, as the temperature reached
500 °C, the Pd NPs remained unchanged and showed no cat-
alytic activity (Figure 3A-C: t = 480 s). Over time, the NPs be-
gan to fragment into small Pd-PdO NPs (Figure 3A: t = 730-
1435 s and Figure 3D), and the catalytic activity was first detected
during this fragmentation process (Figure 3C: t = 800-2100 s).
The ignition point of the exothermic POM reaction, marked by
a 0.5 mW drop in the heater power at t = 800 s (Figure 3B),!*
lagged the fragmentation onset at t = 730 s (Figure 3A), indicat-
ing that a detectable amount of gas products was produced only
when a sufficient number of NPs were transformed into small
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Pd-PdO NPs (Figure 3A-D). These results align with the observa-
tions at pcyy, /po, ~ 2 and ~ 7 (Figure 1), with peyy, /po, ~ 7 being
favourable for Pd NPs turning active to catalyze the POM reaction
because of the rapid formation of Pd-PdO phase under moder-
ately oxidizing conditions. Hence, it is the Pd-PdO interface that
catalyzes CH, oxidation.

To understand why a mixed-phase Pd—PdO system is needed
for catalyzing the conversion reaction, one must consider the
role of each phase in the reaction. From the atomistic perspec-
tive, the CH, oxidation pathway on Pd catalysts involves dehydro-
genation and oxidation steps.!'®) CH, first dehydrogenates into
CH,", CH,", and other carbonaceous species, which are then ox-
idized into CO and CO,. Metallic Pd is more effective than PdO
at dehydrogenation of CH, (e.g., the activation barriers for CH,
dissociation are 0.6-1.0 eV on Pd surfaces!***!l and 1.4-1.6 eV
on PdO surfaces!*!*3]), whereas PdO is more efficient at oxidiz-
ing carbonaceous intermediates.**** This is consistent with our
observations, which show that the catalytic reactions predomi-
nantly occur in the presence of PdO, and amorphous carbon ac-
cumulates on metallic Pd (Figure 3). Therefore, we propose the
reaction pathway at the Pd—PdO interface that leverages the dis-
tinct advantages of both Pd and PdO phases.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. Fragmentation of Pd NPs and ignition of the POM reaction. A) In situ TEM image series of the NPs, B) heater power and the corresponding
measured temperature, and C) changes in the amount of reactant and product gases during the POM reaction at pcy, /po, ~ 60 (760 Torr of 609% CHy,
1% O,, and 39% Ar) and at 400-500 °C (Video S3, Supporting Information). Note that despite the excessive amount of CH,, residual O, still drives CO
overoxidation, making CO, the main product. D) Electron diffraction profiles of the NPs before (400 °C) and after (500 °C) fragmentation showing that
Pd NPs transformed into Pd-PdO NPs (Figure S5, Supporting Information). The dashed white curves in (A) indicate the regions with the fragmented
NPs. The black arrows in (C) correspond to the time points of the TEM image series shown in (A). The dashed vertical lines in (D) correspond to the

diffraction peaks of Pd (blue) and PdO (red).

To test this hypothesis, we used density functional theory
(DFT) calculations to model CH, oxidation at the Pd-PdO inter-
face. To mimic our experimental conditions, the free energies (G)
during the reactions were evaluated at 800 K and 1 atm. Figure 4A
shows the Pd-PdO interface model, consisting of a Pd(100) sub-
strate partially covered with a PdO(101) monolayer. First, CH,
adsorption was examined at four sites: the PdO region (sites A
and B), the Pd-PdO interface (site C), and the Pd region (site
D) (Figure 4A). The adsorption processes at all four sites are
endothermic, with site D exhibiting the lowest thermodynamic
cost and the shortest Pd—C (of CH,) bond length (Figure 4B;
Figure S8A, Supporting Information). Additionally, the dissoci-
ated CH, species (i.e., CH,;", CH,", CH", and C") bind strongly
to the Pd region near the interface (Table S3, Supporting Infor-
mation). These results show that the metallic Pd region exhibits
a stronger affinity toward CH, " species compared to the PdO
region, indicating that dissociation and dehydrogenation of CH,
occur on the Pd region of the Pd-PdO interface.

We then calculated the full reaction pathway for CH, oxida-
tion at the Pd-PdO interface (Figure 4C). Following CH, adsorp-
tion onto the Pd surface (step 1—2), the dehydrogenation steps
(steps 2—6) proceed with low activation energy barriers (G, <
0.70 eV) on the Pd region. The final product of these steps, C”,
resides on the hollow site of the Pd surface,*] positioned adja-
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cent to the Pd-PdO boundary (state 6). For simplicity and in line
with earlier computational studies,[*>*°! we chose the sequential
dehydrogenation of CH, into C" as the reaction pathway on the
Pd surface. However, it is worth noting that alternative reaction
pathways involving oxygenated hydrocarbons on the surface may
also be present.[224%4] Notably, on a pure Pd surface (without
PdO), the oxidation of C is the rate-limiting step for CH, oxi-
dation with a high energy barrier (e.g., 1.81 eV on Pd(100)).1*"]
However, at the Pd-PdO interface, this barrier significantly re-
duces (G, = 1.18 V) as C" directly reacts with a neighboring lat-
tice O atom to form CO”, creating an oxygen vacancy (V) (step
6—7). CO” can then oxidize into CO,” by reacting with the O,"
filled at the V,, site (steps 7—9a), followed by CO, desorption
from the interface (step 9a—10a). Alternatively, CO* may desorb
directly into the gas phase (step 7—8Db). In this case, the V, is
subsequently replenished by O,, facilitating further oxidation of
C" into CO” (steps 8b—10b). These findings align with our ex-
perimental results, which show high activity of Pd-PdO NPs for
converting CH, into CO, and CO (i.e., the production of CO, in
Figures 1C,D and 3C, as well as the production of a small amount
of CO in Figure 1D).

Previous studies of Pd catalysts in POM and CH, combustion
reactions, which share similar elemental steps,[**l have attributed
the activity to metallic Pd,!***] PdO,['>'7] or a mixture of Pd and

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. CH, oxidation reaction pathway at the Pd—PdO interface. A) Side and top views of the Pd—PdO interface model. The model is composed of a
supporting Pd(100) surface and a partial PdO(101) monolayer, which contains Pd** and Pd'* species (Table S2 and Figure S7, Supporting Information).
B) CH,4 adsorption free energies (G,4;) and the Pd—C (of CH,) distance (dpy _ ) for the four adsorption sites indicated in (A). C) (Top) Atomic config-
urations and the (bottom) corresponding free energy (G) diagram for the CH, oxidation reaction at the Pd—PdO interface (see Figure S8B, Supporting
Information for enlarged views and additional transition states). The reaction involves CH, dehydrogenation to elemental C* (steps 1—6) and oxidation
of C* to CO* (step 6—7) (blue lines), followed by the formation of CO, (steps 7—10a) (red lines) or CO (steps 7—11b) (black lines). Activation free
energies (G,) and the change in free energies (AG) of reaction steps are listed in the plot (see Tables S4 and S5, Supporting Information for more

details). * represents surface-bound (adsorbed) species.

PdO, including PdO,[**) and PAO!1*1%2] Jayers formed on metal-
lic Pd. However, the atomistic mechanism and the precise role of
the Pd-PdO interface in the catalytic process remained unclear.
Our findings demonstrate that the coexistence of Pd and PdO
phases optimizes the reaction pathway by enabling dehydrogena-
tion at the Pd region and oxidation with lattice O atoms from the

Adv. Sci. 2025, 07303 e07303 (6 of 10)

PdO region. Although our operando observations directly iden-
tified only crystalline Pd and PdO phases, the dynamic phase
transition between them may generate small amounts of tran-
siently nonstoichiometric PdO, species. Even if such species are
present, previous simulations have shown that they consist of in-
termixed Pd and PdO regions, closely resembling the Pd-PdO

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. Three cycles of the POM reaction. A) In situ STEM image series of the NPs and B) corresponding changes in the amount of reactant and
product gases during the POM reaction at pcyy, /po, ~ 6 (760 Torr of 25% CH,, 4% O,, and 719 Ar) and at 23-550 °C. The black arrows correspond to

the time points of the image series shown in (A).

interfaces observed in our study.'*! It is worth noting, in contrast
to earlier studies by Yue et al.") and Tang et al.,[?! who only ex-
amined the combustion of methane, our study clearly describes
the detailed mechanisms of partial oxidation of methane, a re-
action pathway that is crucial for the downstream synthesis of
value-added reaction products.

The hallmark of an effective catalyst is not only its high ac-
tivity but also its stability. To establish whether the Pd-PdO
NPs are stable, and if so, to identify the reasons for their sta-
bility, we tracked the active Pd-PdO NPs during three consec-
utive reaction cycles at 23-550 °C (Figure 5). The activity of the
NPs remained stable, as the fragmented NPs maintained good
dispersion throughout the extended cumulative reaction time
(Figure 5A,B: t = 1500 s vs t = 6100 s). The reason behind such
dispersion is their highly dynamic and continuous restructuring
(i-e., coalescence followed by immediate fragmentation), as dis-
cussed in Figure 3C,D, which prevents their sintering and carbon
poisoning.

Finally, it is important to note that our approach uses a sim-
plified model system of pure, unsupported Pd NPs inside gas-
cell microreactors, which may not fully replicate catalytic condi-
tions in conventional reactors. While this may result in devia-
tions in the amount of reaction products, these operando studies
effectively capture the essential features of active catalyst struc-

Adv. Sci. 2025, €07303 e07303 (7 of 10)

tures during the reaction. Hence, these observations provide a
good starting point for future studies to elucidate the atomic-
scale details of catalytic activity. Such insights are necessary to
address numerous open questions, including the origin of selec-
tivity for CO production over CO, under various reaction condi-
tions, which remains unresolved.

3. Conclusion

Our study shows that Pd-PdO NPs catalyze the CH, oxidation at
the interface, with Pd facilitating CH, dehydrogenation and PdO
supplying lattice oxygen for carbon oxidation. The continuous re-
structuring of the NPs during the reaction not only prevents the
sintering of the NP catalysts but also exposes new active sites for
the reaction, thereby maintaining catalytic stability. More gener-
ally, this direct approach to observing a catalytic reaction will pro-
vide much-needed insight into dynamic catalytic processes and
aid in the design of efficient catalysts for a broad range of chem-
ical processes.

4. Experimental Section

Materials:  The following reagents from Sigma-Aldrich Co. (St Louis,
MO, USA) were used to synthesize the Pd NPs: palladium(ll) chloride

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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(PdCl,, Cat. No. 323373), L-ascorbic acid (CgHgOg, Cat. No. A7506), hex-
adecyltrimethylammonium bromide (CTAB, Cat. No. H9151), sodium io-
dide (Nal, Cat. No. 409286), and hydrochloric acid (HCI, Cat. No. 258148).
Deionized (DI) water with a resistivity of 18.2 MQ cm was used to prepare
all aqueous solutions used in this study.

Synthesis of Pd NPs: The Pd NPs were synthesized using a seed-
mediated growth method described by Niu et al.[8] with some modifica-
tions. First, a 10 mm H,PdCl, solution was prepared by dissolving 18 mg
of PdCl, in 10 mL of 20 mm HCl solution. Then, 1.25 mL of 100 mm CTAB
solution, 0.5 mL of 10 mm H, PdCl, solution, and 8.75 mL of DI water were
mixed in a 20 mL glass vial. The vial containing the solution was heated at
95 °C in an oil bath with stirring. After 5 min, 160 uL of 100 mm ascorbic
acid solution was added to the pre-heated solution, and the mixed solu-
tion was kept at 95 °C for 20 min. These synthesized NPs were used as
seeds.

In the subsequent stage of Pd NP growth, 25 mL of 100 mm CTAB and
25 uL of 10 mm Nal solutions were mixed and kept at 80 °C in a water bath.
Next, 625 uL of 10 mm H,PdCl,, 5 mL of Pd seed, and 25 uL of 100 mm
ascorbic acid solutions were added to the pre-heated solution. The mixed
solution was kept at 80 °C for 60 min. The synthesized NPs were washed
four times by centrifugation with DI water before use.

Operando TEM Experiments: A 300-kV Thermo Fisher Titan (S)TEM
(Thermo Fisher Scientific Inc., Hillsboro, OR, USA) equipped with a Gatan
K2 IS camera (Gatan Inc., Pleasanton, CA, USA) was used for operando
TEM studies. In situ TEM image series were recorded at a rate of 5 frames
per second with an electron flux of 100—200 e~ A=2 s~

A DENSsolutions Climate TEM holder (DENSsolutions, Delft, Nether-
lands) was used for operando TEM studies of the NPs in reactive gaseous
environments. Prior to the experiments, 5 uL of the Pd NP solution
was drop-cast onto the bottom chip of a gas cell (DENSsolutions, Delft,
Netherlands) and allowed to dry.!2>33] The gas cell was then assem-
bled and checked for leaks before being inserted into the TEM. For all
operando TEM studies, gases were introduced into the cell at a flow rate
of 40—50 uL min~" and a pressure of 760 Torr using the DENSsolutions
gas delivery system. Simultaneously, the outlet gas from the holder was
analyzed using a quadrupole mass spectrometer (Stanford Research Sys-
tems, Sunnyvale, CA, USA) with the pressure of the gas passing through
the analyzer chamber maintained at ~107> Torr.

To facilitate interpretation of the mass spectrometry profiles shown in
Figures 1C,D, 3C, and 5B, several clarifications are provided. The CH, sig-
nal appears noisier in Figure 1D than in Figure 1C simply because the y-axis
in Figure 1D was expanded to better visualize small changes in all gas com-
positions. In Figure 3C, after ignition, the slight increase in the amount of
CH,4 was due to gas feed instability, while the drop in the CO signal was
likely due to the increase in the total amount of gas molecules, which di-
lutes the CO partial pressure. Regarding the nearly constant CH, signal
in Figure 5B, this was consistent with previous operando studies,[?%2333]
and was due to the low CH, conversion rate (= 5%), where subtle changes
were likely masked by signal noise.

Plotting the Electron Diffraction Profiles: The radial diffraction profiles
in Figures 1A,B, 3D and Figure S3A (Supporting Information) were the
plots of the summed intensity, S(k) = YI(k), obtained from electron

diffraction images after the background subtraction. Here, k = (k,, k) and

k=/k2+ ka are the outward radial vector from the center of the diffrac-

tion pattern and its corresponding length, and I(k) is the diffraction inten-
sity at that point.

Quantification of CO, and CO Products:  The amount of CO, and CO in
different atmospheres (e.g., pcn,/Po, & 2 and pcy, /po, ~ 7), as shown
in Figure 1C,D, were estimated and plotted in Figure S2 (Supporting
Information). First, the background signals of CO; (ppsse co,) and CO
(Pbase_co) were obtained by averaging their partial pressures (pco, and
pco) before the onset of the catalytic reaction. During the reaction, the net
partial pressures of CO; (ppet co,) and CO (pne; co) Were determined as
follows:

Pret_co, = Pco, ~ Pbase_CO, (2)

Pret_co = Pco — Pbase_co — 10% X pret_co, (3)
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The term 10% X pye; co, accounts for the CO signal arising from CO, frag-
mentation during electron ionization in the mass spectrometer, which is
around 10%.14°1

Subsequently, the percentages of CO, and CO were calculated as fol-
lows:

p
CO,% = % 100% 4)
pnet,COZ + Pret_co
CO% = Pretco x 100% (5)

pnet,COZ + Pnet_co

DFT Computations: Spin-polarized DFT calculations were performed
using the Vienna Ab initio Simulation Package (VASP) v6.2.1,°051] em.
ploying the projector augmented-wave (PAW) method.[>2] Exchange-
correlation energies were approximated within the generalized gradient
approximation (GGA) as parameterized by Perdew, Burke, and Ernzerhof
(PBE).I%] The cutoff energy for the plane-wave basis set was 450 eV, and
the Brillouin zone integration was carried out using a 1x2x1 k-point grid.
A Hubbard model based on the Dudarev formalism (DFT+U)[>4! was ap-
plied to describe oxidized Pd centers in the PdO region. The model cor-
rects for the self-interaction error (SIE) in systems with strongly correlated
d- and f-electrons, a common issue in transition metal oxides.[>>3¢] The in-
troduction of the U parameter may slightly influence activation barriers on
PdO surfaces compared to results without it (e.g., < 0.02 eV).['] Here, the
effective U parameter was set to 6.5 eV, which accurately reproduces the
experimental energy band gap and lattice constant of bulk PdO (Figure S6,
Supporting Information).

Van der Waals (vdW) interactions were incorporated using the Grimme
(DFT-D3) method with Becke—Johnson damping (Table S3, Supporting
Information).[>’] Transition states were localized using the climbing image
nudged elastic band (CI-NEB) method.[%8>°] The convergence criterion for
geometry optimization was set to 0.05 eV A1, Vibrational modes were
calculated using a finite-difference approach with a displacement width of
0.015 A in VASP. All transition states were confirmed to have exactly one
imaginary mode. Thermodynamic quantities for free energy calculations
were evaluated using the Thermochemistry module of the Atomic Simula-
tion Environment (ASE).[6]

The Gibbs free energies (G), shown in Figure 4B,C and Tables S3-S5
(Supporting Information), were calculated at 800 K and 1 atm of each gas-
phase species, mimicking experimental conditions (Figures 1-3 and 5).
For adsorbates, all degrees of freedom were considered in a harmonic
limit, excluding frustrated rotational and translational motions. For gas-
phase species, translational, rotational, and vibrational motions were ap-
proximated in an ideal gas limit at 1 atm. Vibrational frequencies below 100
cm~! were set to 100 cm™'. The adsorption free energies (G,4,) and free
energies of the reactions (AG) were calculated using the following equa-
tions:

Gags = Gv:omplex - (Gsurface + Ggas) (6)
AG = Gproduct — Greactant (7)
where Geomplexs Gsurface and Ggag represent the free energies of the Pd—

PdO surface with adsorbates, the bare Pd—PdO surface (taken from DFT
total energyl®'l), and the gas phase, respectively. Geactant and Gproguct are
the free energies of the reactant and product states, respectively. The acti-
vation free energies (G,) were calculated as:

Ga = GTS - Greactant (8)

where Gy is the free energy at a transition state. Additionally, adsorption
energies (E,q), reaction energies (AE), and activation energies (E,) from
DFT total energies (at 0 K and vacuum) were calculated in the same fash-
ion (Tables S3-S5, Supporting Information).
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Computational Model: The Pd-PdO interface model shown in
Figure 4A was built based on the work of Kinnunen et al.l¥ The model
consisted of four layers of Pd(100) and a partial monolayer of PdO(101).
A 12 A vacuum was added perpendicular to the surface. This configura-
tion was chosen because both the Pd(100) and PdO(101) facets are active
for the CH,4 oxidation reaction,[“0#4] and the PdO(101) layers were sta-
ble on the Pd(100) surface.[®?] The partial PdO(101) monolayer contains
both Pd'* and Pd** species (Figure S7 and Table S2, Supporting Infor-
mation). During structural optimization of the model, the two lowest Pd
layers were kept at their bulk lattice parameters while the remaining atoms
were allowed to move.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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